Introduction

46
Endophytes are fungi that colonize the internal tissues of plants without presenting any symptoms of disease (Carroll 1988) . Most is known about endophytes of cool season fescues.
48
Infection by species of Epichlӧe/Neotyphodium in various grass species results in the 49 accumulation of potent toxins in leaf tissue. These toxins limit herbivory by invertebrate pests 50 and grazing animals (Kuldau and Bacon 2008) . Carroll and Carroll (1978) suggested that foliar 51 endophytes of conifers may have similar effects on herbivorous insects. They suggested 52 decreased palatability for grazing insects as a possible benefit for the trees. This group 53 subsequently investigated the association between Douglas fir (Pseudotsuga menziesii) and the 54 needle endophyte Rhabdocline parkerii (Sherwood-Pike et al. 1986 ). An extract of culture 55 filtrate of this endophyte resulted in reduced growth rates and mortalities when incorporated into 56 synthetic diets of Choristoneura fumiferana (spruce budworm) at 10 µg/g (Miller 1986 ). This 57 and the suggestion by Royama (1984) that there was an unknown agent ("fifth agent") that 58 affected spruce budworm populations in New Brunswick prompted surveys of foliar endophytes 59 of conifers in the Acadian forest (Miller 2011) . Over the past 30 years, we have demonstrated 60 populations of white and red spruce (Picea glauca, P. rubens) foliar endophytes produce 61 mixtures of different compounds toxic to insects Sumarah et al. 62 2010).
63
The white spruce foliar fungal endophyte Phialocephala scopiformis DAOM 229536 (Helotiales, 64 Ascomycota) produces rugulosin as the major insect toxin along with emodin and skyrin (Zeiraphera canadensis) at a concentration of 10 mM . This corresponds to 68 ~0.5 µg/g needle (Miller 2011) . When white spruce trees are infected with this endophyte, the 69 growth rate of spruce budworm (Choristoneura fumiferana) is significantly reduced (Miller et al. 70 2002; Miller et al. 2008; Miller 2011; Quiring, unpublished data) .
71
Our studies have demonstrated a reduced genetic diversity of needle endophytes in land 72 previously disturbed by insect, fire and logging and reforested either by natural regeneration or 73 tree planting. Grass endophytes are vertically transmitted (Kuldau & Bacon 2008) and clonal 74 within a field (Arroyo García et al. 2002) . In contrast, foliar endophytes of spruce in the Acadia 75 forest are horizontally transmitted (e.g. Miller et al. 2009; Sumarah et al. 2008) . Consistent with 76 this observation, we have been unable to recover endophytes from surface sterilized needles of 77 seedlings leaving nurseries (Sumarah et al. 2005; Miller et al. 2009 ). To address this, methods
78
have been developed to inoculate nursery seedlings with representative endophytes from the 79 region (Miller and Adams 2012) . To facilitate this research both chemical and enzyme-linked 80 immunosorbent assay (ELISA) based analytical methods have been used 81 2009; Sumarah et al. 2008) . ELISA is a robust approach to measuring fungal antigens in needles, 82 quite sensitive and reasonably inexpensive. However, this ELISA analysis of needle samples is have been sampled Miller et al. 2009; Quiring & Miller, unpublished data) .
90
The purpose of this paper is to describe the distribution of the fungus and its toxin throughout the (Schoch et al. 2012) .
96
Materials and Methods
97
Sampling
98
In 2003, 300 trees successfully inoculated with P. scopiformis DAOM 229536 two years 99 previous (described in Sumarah et al. 2005; were planted on the test site outside Sussex, 
106
Ten branch whorls around the tree were chosen starting at the bottom and ending at the top of the Freeze-dried powdered needle samples from the mature white spruce tree that were previously 198 tested for the presence of rugulosin were weighed out into 75 mg aliquots. DNA was isolated scopiformis. Based on triplicate analyses of 44 samples, the assay was 100% reproducible i.e.
219
positive or negative. No qPCR signal was observed in the negative controls.
220
We found that the endophyte and its toxin were present throughout the crown of the white spruce 221 tree studied. Approximately 90% of the samples taken from the crown were rugulosin-positive 222 (Figures 2, 3) . The mean and median of positives were 1.2 and 0.93 µg/g rugulosin, respectively.
223
These values are > 2 times the low adverse effect concentration for spruce budworm growth on 224 needles (Miller 2011) . There was 100% concordance between the qPCR and the corresponding
225
HPLC analysis for rugulosin a (Table 1 supplemental 
228
The ratio of toxin/unit fungal biomass is very well understood to be a fixed property (Miller 229 2011). Based on ELISA and chemical analysis, Sumarah et al. (2005) estimated that the 230 mycelium to toxin ratio of P. scopiformis in the needles as ~2% w/w. The ratio estimated from 231 the present data using the qPCR probe detection limit for mycelium was comparable. This colonized by one fungus based on plating and metabolite analysis (Miller et al. 2002) . As noted,
244
rugulosin and mycelium concentrations have been determined in ~25% of the trees from the 300 earlier studies of the same inoculated seedling lot on the site Sumarah et al. 256 2005; 
